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Topoisomerase lla (TOP2A) is a core component of mitotic chro-
mosomes and important for establishing mitotic chromosome con-
densation. The primary roles of TOP2A in mitosis have been
difficult to decipher due to its multiple functions across the cell
cycle. To more precisely understand the role of TOP2A in mitosis,
we used the auxin-inducible degron (AID) system to rapidly de-
grade the protein at different stages of the human cell cycle. Re-
moval of TOP2A prior to mitosis does not affect prophase timing
or the initiation of chromosome condensation. Instead, it prevents
chromatin condensation in prometaphase, extends the length of
prometaphase, and ultimately causes cells to exit mitosis without
chromosome segregation occurring. Surprisingly, we find that re-
moval of TOP2A from cells arrested in prometaphase or meta-
phase cause dramatic loss of compacted mitotic chromosome
structure and conclude that TOP2A is crucial for maintenance of
mitotic chromosomes. Treatments with drugs used to poison/inhibit
TOP2A function, such as etoposide and ICRF-193, do not phenocopy
the effects on chromosome structure of TOP2A degradation by AID.
Our data point to a role for TOP2A as a structural chromosome
maintenance enzyme locking in condensation states once sufficient
compaction is achieved.

he correct formation of condensed mitotic chromosomes is a
crucial step in the cell division cycle and is absolutely required
for faithful segregation of sister chromatids to daughter cells.
Once considered a “black box,” recent developments and tech-
nologies have shed new light on the structural organization of
condensed mitotic chromosomes (1) and the way in which mitotic
chromatin is looped by condensins. Mitotic chromosome con-
densation requires the coordinated action of both histone and
nonhistone proteins. Indeed, nonhistone proteins comprise 40%
of the total protein mass of mitotic chromosomes (2), and most of
these proteins are organized in the chromosome scaffold (3, 4).
The chromosome scaffold is a structural and organizational
component of mitotic chromosomes. It comprises proteins that
occupy the chromatid core and display a distinct axial localiza-
tion along the chromosome (3, 5-7). Key scaffold proteins in-
clude condensins I and II, KIF4A, and topoisomerase Ila
(TOP2A), with TOP2A being the most abundant by mass (2, 4,
8). TOP2A is a type II topoisomerase that functions as a dimer to
resolve double stranded DNA (dsDNA) entanglements. Type 11
topoisomerases are enzymes that can create a transient break in
one DNA duplex via transesterification of the phosphodiester
bond, covalently linking the DNA ends to tyrosyl groups in each
monomer. A second duplex is then passed through the break,
and the break is sealed by reversing transesterification (9). This
activity is essential for myriad cellular processes, including dec-
atenation of sister chromatids prior to mitosis and relief of
supercoiling that builds up during transcription and replication
(10). In vertebrates, there are two isozymes of topoisomerase 11
(TOP2)—alpha (TOP2A) and beta (TOP2B)—that share simi-
lar N-terminal ATPase and core domains, but differ in their
C-terminal domains. The isoforms also differ functionally, with
TOP2A expressed at higher levels in G2 and mitosis and strongly
localizing to mitotic chromatin (4, 11, 12). TOP2B is undetect-
able on early mitotic chromatin but starts accumulating on
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chromatin in late anaphase and telophase (13). TOP2B cannot
substitute for the mitotic functions of TOP2A (14). Although
depletion of TOP2B alone does not affect mitotic chromosome
structure, removal of both together produces a stronger pheno-
type than TOP2A depletion alone (15).

A large body of literature has described the mitotic conse-
quences of TOP2A disruption in vitro and in vivo. However, the
pleiotropic nature of TOP2A has made it challenging to study its
cell cycle-specific functions. Most studies of TOP2A in mitosis have
relied on either systems that deplete protein over more than one
cell cycle, making it difficult to discern primary from secondary
phenotypes, or drugs targeting TOP2A. These drugs (e.g., etopo-
side and ICRF-193) form stable complexes with DNA (16, 17) and
target both TOP2A and TOP2B. The drug treatments thus induce
potential confounding effects not necessarily related to loss of
TOP2A function. As a major proliferation-linked gene (18),
TOP2A is targeted in the treatment of many cancers (19, 20), and
it is therefore important to understand the effects of TOP2A-
targeting drugs.

Landmark in vitro experiments showed that TOP2A, together
with nucleosomes and condensins, constitute the essential core
elements for formation of mitotic chromosomes (21). In vivo
studies across a broad range of species showed that disruption of
TOP2A causes defects in mitotic chromosome condensation and
chromosome segregation (15, 22-26). In vertebrates, disruption of
TOP2A leads to abnormally long and thin mitotic chromosomes
(15, 26, 27). Collectively, these studies show that TOP2A is
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necessary for the establishment of mitotic chromosome structure.
A previous in vitro study found evidence suggesting that TOP2A is
not required for the maintenance of mitotic chromosome struc-
ture (28). Another study showed that chromosomes depleted of
TOP2A with RNAi were able to recover compacted structure after
unfolding, and the authors suggested that TOP2A is not important
for structural integrity of mitotic chromosomes (26). However, with
the advent of new efficient protein depletion technologies, we
aimed to revisit this question.

In this study, we dissect the role of TOP2A in mitosis directly
by combining rapid auxin-inducible degradation of TOP2A with
high-resolution live cell imaging. We find that TOP2A is dis-
pensable for prophase condensation, but is acutely required in
prometaphase. Surprisingly, we reveal that removal of TOP2A
from precondensed mitotic chromosomes causes loss of com-
pacted mitotic chromosome structure and premature mitotic
exit. Our results suggest that TOP2A is crucial for maintenance
of mitotic chromosome structure.

Results

Auxin-Inducible Degron of TOP2A. Due to the short duration of
mitosis, it is difficult to study mitotic protein function when using
methods that rely on transcriptional shut-off such as RNAi or
Tet-OFF (29), which are limited by the rate of protein turnover.
To our knowledge, no studies have depleted the TOP2A protein
rapidly and specifically from cells already in mitosis. To achieve
this, we constructed a conditional, auxin-inducible, TOP2A
knockout in human HCT116 +CMV-OsTIR1 cells (30). In this
system, a sequence encoding a 7.9-kDa protein tag, mAID, is
inserted in frame with the target gene. The plant hormone auxin
can bind mAID and direct the SCF ubiquitin ligase in complex
with OsTIR1 to ubiquitinate the target protein, which is then
rapidly degraded by the proteosome (31) (Fig. 14). We used
CRISPR-Cas9-directed cloning and introduced the mAID tag at
the 3’ end of both alleles of the TOP2A gene, overwriting the
stop codon (SI Appendix, Fig. S14). Introduction of mAID and
the two resistance genes was confirmed by genomic PCR, sug-
gesting that the homology directed repair (HDR) was complete
(81 Appendix, Fig. S1 B-E, 3). Expression of TOP2A-mAID was
confirmed by immunoblotting, which showed a higher MW
corresponding to the 7.9-kDa mAID tag (Fig. 1B). We used
500 uM of the synthetic auxin indole-3-acetic acid (IAA) (30) for
all auxin treatments, which will be referred to henceforth as “auxin
treatment.” TOP2A was barely detectable following 30 min of

auxin treatment and was completely depleted after 1 h (Fig. 1B).
Depletion could be achieved in both interphase (SI Appendix, Fig.
S1 F, i) and mitosis (SI Appendix, Fig. S1 F, ii), and was confirmed
using standard immunofluorescence conditions (S Appendix, Fig.
S1F) and by preextraction where the cytoplasm and nucleoplasm
were precleared of soluble protein before fixation (SI Appendix, Fig.
S1G). Chromosome spread experiments showed the characteristic
axial and centromeric staining pattern of TOP2A in mitosis (Fig. 1C)
was retained with the TOP2A-mAID protein (8, 32-35). In in-
terphase, the pan-nucleoplasmic staining of TOP2A could be removed
by preextraction to reveal a strong nucleolar localization of TOP2A
(ST Appendix, Fig. S1 G, i) consistent with a previous study (35).

TOP2A Depletion during Prometaphase Causes Chromatin
Entanglement. Inhibition of TOP2A by the bisdioxopiperazines
ICRF-187 or ICRF-193 was shown previously to arrest cells at the
G2/M border at the so-called decatenation checkpoint (36—40).
This checkpoint was proposed to arrest cells until TOP2A has
performed sufficient sister chromatid resolution/decatenation. In
our study, TOP2A-mAID cells treated for 6 h with auxin (Fig. 24)
caused a >15% increase in the 4N population consistent with a
cell cycle arrest in either G2 or mitosis in addition to a 3% in-
crease in polyploid (>4N) cells (Fig. 2B). When analyzing corre-
sponding DAPI-stained samples by microscopy (Fig. 2C), we
observed that the increased 4N and >4N populations reflects
a >5% increase in mitotic cells and a >15% increase in cells that
are either undergoing cytokinesis (Fig. 2D, cytokinesis) or have
aborted cytokinesis (Fig. 2D, binucleated). This argues that cells
depleted of TOP2A do not arrest in G2. This is also supported by
a study using doxycycline-inducible TOP2A knockdown where the
authors found that the ICRF-193-induced G2 checkpoint requires
the presence of TOP2A (295).

TOP2A is required for decatenation of the centromeres (26)
and to resolve chromatin bridges and ultrafine DNA bridges
(UFBs) (26, 41, 42) in anaphase. We wanted to test with the AID
system whether DNA bridging is still prominent in anaphase
when TOP2A is depleted from cells in prometaphase. Therefore,
we developed a synchronization protocol that ensured a highly
enriched prometaphase population. TOP2A-mAID cells were
arrested in prometaphase for 4 h by nocodazole treatment, iso-
lated by mitotic shake-off, incubated with nocodazole for 1 h in
the presence (+) or absence (—) of auxin, and then released from
nocodazole into +/— auxin for 1 h (Fig. 2E). This, presumably,
allowed time in prometaphase for the cells to resolve DNA
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Fig. 1.

Auxin-inducible degron of TOP2A. (A) The TOP2A-mAID system. The mAID tag was inserted in-frame with both alleles of the TOP2A gene in HCT116

cells expressing OsTIR1 from CMV promoter. When auxin is added to the cells, it binds TOP2A-mAID, which is targeted for proteasomal degradation by SCF-
OsTIR1-mediated ubiquitination. (B) TOP2A immunoblot of lysates from parental HCT116 CMV-OsTIR1 cells (labeled as HCT116) or HCT116 CMV-OsTIR1
TOP2A-mAID (labeled as TOP2A-mAID) cells treated with auxin for the indicated periods of time. A-tubulin was immunoblotted as loading control. (C)
Immunofluorescent staining of TOP2A and INCENP and DAPI staining of DNA on chromosome spreads from TOP2A-mAID cells grown with or without auxin.

(Scale bars: 5 um.)
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Fig. 2. TOP2A depletion from prometaphase causes severe chromatin entanglement. (A) Experimental conditions for B-D. (B) Quantification of cell cycle
profiles of TOP2A-mAID cells +/— auxin. 2N denotes the G1 peaks and 4N the G2/M peaks. Polyploid is defined as nonaggregates with more than G2/M DNA
content. (C) TOP2A-mAID cells stained with DAPI and analyzed by fluorescent microscopy. Cells were quantified as either interphase, mitosis, or cytokinesis
based on their DNA condensation level and conformation. (D) Representative images of cells undergoing cytokinesis or binucleated. (E) Experimental con-
ditions for F-H. (F) Examples of DNA entanglements visualized by superresolution microscopy, quantified in G and H. PICH (green) and tubulin (red) were
immunostained, and DNA stained with DAPI. (G) Quantification of chromatin and ultrafine DNA bridges per anaphase B, or cytokinesis bridges per cyto-
kinesis, cell. (H) Quantification of severe entanglement. (G and H) Data points are averages of at least three independent experiments. Error bars denote SEM.
Asterisks denote P values: *P < 0.05 and **P < 0.01. (Scale bars: D and F, 5 pm.)

entanglements and to condense chromatin before TOP2A de-
pletion. Using this synchronization protocol, DNA bridging in
anaphase was then analyzed by staining with DAPI and immu-
nostaining of the UFB marker PICH (41, 42) (Fig. 2F). Quanti-
fication of IAA-treated versus control cells showed significant
increases in UFBs (threefold) and chromatin bridges (twofold) in
anaphase B and in cytokinetic bridges (threefold) in telophase
(Fig. 2G). This indicates that a proportion of DNA bridges re-
quires both active spindle forces and TOP2A to be resolved.
During this analysis, we identified a subset of cells that had a
single DNA mass even though tubulin and PICH staining sug-
gested the cells were in anaphase (Fig. 2F, severe, and SI Ap-
pendix, Fig. S2). These severely entangled cells had high numbers
of PICH threads inside the DNA mass (Fig. 2F, severe, and S/
Appendix, Fig. S2B) and stretched centromere staining (SI Ap-
pendix, Fig. S2). Although the severely entangled nuclear masses
might be interpreted as being from a disorganized prometaphase,
staining with the centromere antibody CREST and tubulin
revealed that many of these severely entangled cells were in
anaphase (SI Appendix, Fig. S2) and that most of the PICH
threads, but not all, originated from centromeres (SI Appendix,
Fig. S2B). These cells could not be scored for DNA bridging since
it was impossible to discern the number of individual bridges. In-
stead, they were scored individually as cells with severe entanglement,
and this analysis showed an eightfold increase compared to control
cells (Fig. 2H). This latter abnormality represents a more drastic
phenotype than conventional DNA bridging, where typically only
a single chromosome or subset is entangled, and hints at a more
global defect in mitotic chromosome structure and segregation in
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the absence of TOP2A. We therefore went on to analyze gross
chromosome architecture.

TOP2A Is Required for Correct Mitotic Chromosome Structure.
Knockdown of TOP2A or inhibition by ICRF-193 was shown
previously to cause the formation of atypical, long and thin, mi-
totic chromosomes (15, 26, 27). We observed a similar phenotype
when rapidly depleting TOP2A from asynchronous cultures of
TOP2A-mAID cells (Fig. 34) and analyzing chromosome width
and general morphology on chromosome spreads. The width of
chromosomes was decreased significantly (almost twofold; Fig.
3B), as was the interkinetochore distance, as measured by the
distance between sister foci of CENP-C on chromosome spreads
(SI Appendix, Fig. S3 A and B). This confirmed previous findings
(26, 43, 44). These data do not necessarily suggest a defect in
kinetochore or centromere structure per se, but could simply be
explained by the fact that chromosomes are thinner and longer
following TOP2A depletion. We classified chromosome mor-
phology on chromosome spreads as either hypercondensed, in-
termediate, hypocondensed, or amorphous (SI Appendix, Fig.
S3C). Asynchronous TOP2A-mAID cells grown in the presence
of auxin showed a time-dependent increase in hypocondensed
and amorphous morphologies compared to control chromosomes,
which predominantly had a normal morphology (Fig. 3D and SI
Appendix, Fig. S3D). These results are consistent with previous
studies (15). Nevertheless, the short depletion time (30 to 60 min
auxin treatment) required to produce such a severe phenotype was
surprising. This led us to speculate that TOP2A might not only be
involved in formation of mitotic chromosomes, but also in the
continued maintenance of mitotic chromosome structure. To
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Fig. 3. TOP2A is required to maintain mitotic chromosome morphology. (A) Diagram of experimental conditions for B-D. (B) Chromosome width measured
on chromosome spreads. Representative chromosome spreads are shown. (Insets) Enlargements of individual chromosomes. Width was quantified as A+B
when sister chromatids were distinguishable or C when they were not (predominantly auxin-treated). Error bars denote SEM. Asterisks denote P value: ***P <
0.001. (D) Quantification of chromosome condensation in asynchronous culture as the ratio of spreads with normal condensation compared to hypo 1, 2 and
amorph categories (S/ Appendix, Fig. S3 C and D). (E) Diagram of experimental conditions for F and G. (F) Examples of chromosome spreads quantified in G.
(G) Quantification of hypercondensation of precondensed chromosomes following auxin treatment, presented as the ratio of spreads with hyper-
condensation compared to normal, hypo 1, 2, and amorph categories (S/ Appendix, Fig. S3 C and E). (D and G) Results are relative to t = 0, which was set as 1.
Data points are averages of three independent experiments. (Scale bars: B and F, 5 um.)

investigate this, we treated TOP2A-mAID cells with nocodazole
for 7 h before further enriching for prometaphase cells by mitotic
shake-off, and then added auxin as well as nocodazole, before
analyzing chromosome spreads at 1-h intervals over a 3-h period
(Fig. 3E). This protocol permitted cells to finish mitotic chromo-
some condensation and hypercondense chromosomes before TOP2A
was removed. The mitotic index at this point was ~84% and
remained at similarly high levels throughout the experiment (SI
Appendix, Fig. S3F). Strikingly, removal of TOP2A from these
cells with precondensed chromosomes appeared to reverse con-
densation and produced pronounced hypocondensed and amor-
phous phenotypes (Fig. 3 F and G and SI Appendix, Fig. S3 C, E,
and F). These results indicate that TOP2A is required for main-
tenance of mitotic chromosome structure, and we went on to
confirm this surprising finding.

TOP2A Is Not Required for Localization of Chromosome Condensation
Proteins. Unlike condensin I, condensin II, and KIF4A, TOP2A
has not previously been attributed a role in the maintenance of
mitotic chromosome structure (28). Therefore, a simple explana-
tion for TOP2A’s role in mitotic chromosome maintenance might
be that it affects the correct localization of other chromosome
maintenance proteins. To investigate if the chromosome scaffold
was disrupted following TOP2A degradation, we performed im-
munofluorescence staining of three scaffold proteins (condensins I
and II and KIF4A) on chromosome spreads from asynchronous
cultures of TOP2A-mAID cells grown in media +/— auxin for 2 h.
TOP2A depletion did not appear to affect the scaffold localization
of condensin I (CAP-H and SMC2; Fig. 4 A-C), condensin II
(CAP-H2 and SMC-2; Fig. 4 B and C), or KIF4A (Fig. 4D).
Condensin and KIF4A binding was evident and localized to the
central region of each chromatid. This is consistent with previous
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studies using either siRNA-mediated depletion of TOP2A or in-
hibition of TOP2A by ICRF-193 (26, 27, 43). Condensin II was of
particular interest, since it has not been analyzed specifically in
TOP2A mutants and only indirectly in other studies by analysis of
SMC2, which is shared by both condensins. Condensin II, whose
depletion similarly causes long and thin mitotic chromosomes
(and a defective prophase) (45, 46), was still localized to the
scaffold region following rapid depletion of TOP2A. Nevertheless,
although not disrupted, the scaffold appeared irregular and often
twisted around its own axis (Fig. 4 A-D). This phenotype became
even more apparent when analyzing chromosome structure using
Airyscan superresolution microscopy (Fig. 4E).

Another protein important for mitotic chromosome morphol-
ogy is Ki67, which localizes to the perichromosomal compartment
in mitosis (47, 48) and has been suggested to act as a surfactant on
mitotic chromosomes (49). Superresolution microscopy analysis of
the location of TOP2A and Ki67 showed that both have a peri-
chromosomal staining pattern (Fig. 4F). Depletion of TOP2A by
auxin treatment for 2 h of TOP2A-mAID cells did not, however,
change the Ki67 staining pattern (Fig. 4F). Together, the data
suggest that removal of TOP2A has a direct effect on mitotic
chromosome topology rather than an indirect effect caused by mis-
localization or perturbation of other key mitotic structure proteins.

TOP2A Depletion Prevents Prometaphase Condensation. To analyze
TOP2A depletion by live cell imaging, we established TOP2A-
mAID + histone H2B-EGFP cells by tagging an endogenous locus
of H2B using Alt-R CRISPR-Cas9 (Methods). The cells were then
grown in media +/— auxin for 1 h (Fig. 54) before being imaged
by live cell spinning-disk confocal microscopy for 5 h (Fig. 5 B and
C and Movies S1 and S2). The timing of the different mitotic
phases was then quantified (Methods provides definitions of each
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Fig. 4. TOP2A is not required for localization of chromosome condensation proteins. (A-E) TOP2A-mAID cells were grown in media +/— auxin for 2 h and
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phase; Fig. 5D). The timing of prophase was unaffected by auxin
treatment (Fig. 5 B-D). Hence, TOP2A is not required for timely
prophase progression. Moreover, the morphology and configura-
tion of chromosomes in prophase appeared similar in the presence
and absence of auxin (Fig. 5 B and C). In contrast, auxin treatment
increased the average length of prometaphase and metaphase
significantly from 27 min in control cells to 42 min in auxin-treated
cells (Fig. 5D). Auxin treatment also had a profound effect on cell
morphology in prometaphase, with the cells failing to show in-
dividualized chromosomes characteristic of prometaphase but
rather forming an amorphous DNA mass (Fig. 5C). These cells
rarely formed a metaphase plate or completed mitosis (Fig. 5C).
Among the relatively few auxin-treated cells that did reach ana-
phase and telophase, the timing of these phases was similar to that
of control cells (Fig. 5D). Taken together, these data indicate that
TOP2A is not important for gross prophase chromosome struc-
ture, but is crucial for the reorganization of chromosomes that
takes place in prometaphase.

Nielsen et al.

Mitotic chromosome condensation is characterized by a re-
duced volume, but higher density, of chromatin. To investigate the
role of TOP2A in mitotic chromosome condensation more di-
rectly, we quantified H2B-EGFP volume and mean fluorescence
intensity, representing chromatin volume and density, respectively.
To compare different cells in real time, we normalized measure-
ments to the time point 40 min prior to NEB for each cell ana-
lyzed (set to a value of 1.0). As a proof of principle, 3D modeling
of an untreated cell entering and traversing mitosis (SI Appendix,
Fig. S44 and Movie S3) and quantification of its chromatin vol-
ume and density is shown (SI Appendix, Fig. S4B). From prophase
through NEB (at 40 min) into prometaphase, metaphase, and
anaphase, volume decreases while density increases. From early
telophase through to nuclear envelope reformation (NER), vol-
ume increases and density decreases until values reach interphase
levels (~1.0). Using this method, we analyzed chromatin con-
densation profiles of asynchronous cells depleted of TOP2A. In
prophase, from condensation to NEB, this analysis showed no
difference in chromatin volume (Fig. 5E) or density (Fig. 5F)
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Fig. 5. TOP2A depletion prevents prometaphase condensation. (A) Diagram of experimental conditions for B-F. TOP2A-mAID +H2B-EGFP cells were seeded
in chambered slides and grown in media +/— auxin for 60 min before being imaged over time by spinning-disk confocal microscopy. (B) Example of an
untreated TOP2A-mAID cell going through mitosis. (C) Example of an auxin-treated TOP2A-mAID cell entering and exiting mitosis. (B and C) Fluorescence
intensity is displayed as fire LUT. (Scale bars: 5 um.) (D) Quantification of the duration of mitotic phases from live cell imaging experiments. Each data point is
an average of the n number of cells. The data were collected from at least three independent experiments. Error bars denote SEM. Asterisks denote P values
from parametric Student t tests: ***P < 0.001. (E and F) Three-dimensional modeling analysis of chromatin volume (E) and density (F) of nuclei entering
mitosis. Values are normalized to the time point 40 min before nuclear envelope breakdown (NEB), which is set as 1. The dashed lines mark NEB. Each data

point is an average of n number of nuclei analyzed. Error bars denote SEM.

between control and auxin-treated cells. This result suggests that
TOP2A is not required for global DNA condensation in prophase,
although its depletion may affect local DNA topology or structure
in a way not detectable by this method. Analysis of prometaphase
chromatin in untreated cells from NEB onward showed a decreased
volume (Fig. 5E) and increased density (Fig. 5F). This is consistent
with increasing chromatin condensation during prometaphase. In
auxin-treated cells, by contrast, chromatin volume was unchanged
(Fig. 5E) and chromatin density decreased (Fig. 5F) before cells
exited mitosis, generally, without chromosome segregation (Fig. 5C).
This shows that TOP2A is principally required for condensation
of mitotic chromosomes in prometaphase.

TOP2A Depletion, but Not Inhibition, Reverses Chromosome
Condensation. To analyze if the condensation state of mitotic
chromosomes could be reversed following TOP2A depletion or
inhibition, we enriched for cells with precondensed chromatin
using a 9-h nocodazole treatment and mitotic shake-off followed
by an additional 2-h nocodazole treatment (Fig. 64). These pre-
condensed prometaphase cells were then treated with auxin,
ICRF-193, or etoposide. We imaged and quantified volume and
density of mitotic chromatin over time in the manner described for
Fig. 5 E and F, except that values were normalized to the starting
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timepoint. In control nocodazole-treated cells (Fig. 6B and Movie
S4), the prometaphase chromatin appeared largely unchanged. In
contrast, chromatin of cells grown in the presence of auxin (Fig. 6C
and Movie S5) appeared to decondense and lose defined mitotic
structure over time. Surprisingly, cells with precondensed chromo-
somes and grown with either 25 pM ICRF-193 (Fig. 6D and Movie
S6) or etoposide (Fig. 6E and Movie S7) did not exhibit similar
changes in chromatin structure. Correspondingly, quantification
of chromatin volume (Fig. 6F) and density (Fig. 6G) showed that
control and ICRF-193- and etoposide-treated cells had decreased
volume and marginally increased density over time. By contrast,
auxin-treated cells displayed a gradual increase in chromatin vol-
ume (Fig. 6F) and a decrease in density (Fig. 6G). As a control, we
confirmed that the relative levels of chromatin volume or density
was similar at the first time point (t = 0) for the different treat-
ments (S Appendix, Fig. S4C). These results show that depletion
of TOP2A from precondensed chromosomes causes deconden-
sation and loss of mitotic chromosome structure.

Treatment with auxin or ICRF-193 often overrode the noco-
dazole block, leading to mitotic exit without chromosome seg-
regation. Hence, only timepoints before cells exited mitosis were
quantified and displayed in the representative quantifications for
auxin-treated (0 to 70 min) and ICRF-193-treated (0 to 140 min)
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cells (Fig. 6 C and D and SI Appendix, S4 D and E). This is because
we were interested in the direct consequences of TOP2A impairment
on chromatin structure. The drastic chromatin changes accompany-
ing mitotic exit would otherwise skew the overall quantification.
Importantly, these experiments indicate that the decondensation
occurs before mitotic exit and not as a result of it. Complete chro-
matin volume and density quantifications corresponding to the rep-
resentative examples in Fig. 6 B-E are shown in SI Appendix, Fig.
S4 F-I. The mitotic exit phenotypes are also described (see Fig. 8).

In opposition to our results, an early study found that
treatment with an etoposide-like TOP2A poison, VM-26, caused
mitotic chromosomes to decompact (50). In that study, hamster
cells were arrested in G1 by serum deprivation, released into
1 pg/mL aphidicolin for 24 h, released for 6 h, and then arrested
with Colcemid before treatment with 5 pM VM-26. We cannot
explain this difference, but perhaps speculate that aphidicolin
treatment for 24 h would cause severe replication stress and
several problems in the following mitosis and that they did not
necessarily treat cells with fully condensed mitotic chromosomes.

To ensure that the ICRF-193 and etoposide treatments were
efficient, we performed a series of control experiments (S Ap-
pendix, Fig. S5). These experiments showed that ICRF-193 treat-
ment of asynchronous cultures arrests the cells in G2 and
prometaphase, whereas etoposide arrests cells in the S and G2
phases (SI Appendix, Fig. S5 A-F). Very few of the ICRF-193- or
etoposide-treated mitotic cells shaken off in ST Appendix, Fig. S5 E
and F were in anaphase, except for a few that appeared severely
entangled, and hence we concluded that these treatments pre-
vented cells from entering anaphase. Instead the ICRF-193-treated

mitotic cells were in an abnormal prometaphase (SI Appendix, Fig.
S5E). To better understand the mitotic context of the TOP2A
targeting phenotypes, we also tested if our treatments caused
DSBs in mitosis. To this end, we arrested cells in prometaphase
with a 6-h nocodazole treatment followed by mitotic shake-off and
a 2-h additional nocodazole treatment. We then added solvent,
25 pM ICRF-193, or 25 pM etoposide for 1 h before adding sol-
vent or auxin for another 2 h (3 h ICRF-193/etoposide and 2 h of
auxin at endpoint; SI Appendix, Fig. SSH). The cells were har-
vested for immunofluorescence staining of YH2AX and TOP2A,
and relative total chromatin yH2AX intensity was quantified (S
Appendix, Fig. S5 H and I). We observed a mild increase in
yYH2AX staining upon auxin (twofold) and ICRF-193 (threefold)
treatments compared to control treatments, consistent with a
previous study (51). The addition of auxin to ICRF-193-treated
mitotic cells increased YH2AX fluorescence intensity slightly. In
contrast, etoposide treatment induced a drastic (27-fold) increase
in YH2AX staining over control, which was slightly lower upon
cotreatment with auxin (SI Appendix, Fig. S5 H and I). We took
these results as confirmation that our treatments were effective.

Taken together, our results show that the removal of TOP2A
from chromatin induces decondensation of precondensed chro-
mosomes, whereas inhibition (ICRF-193) or poisoning (etopo-
side) of chromatin-associated TOP2A does not.

TOP2A Is Essential for Maintenance of Metaphase Chromosome
Structure. The results discussed earlier revealed that TOP2A is
necessary for maintenance of mitotic chromosome structure in
prometaphase in the absence of active spindle forces (nocodazole;
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Fig. 6. TOP2A depletion from prometaphase reverses chromosome condensation. (A) Diagram of experimental conditions. (B—E) Representative images from
time-lapse live cell imaging of TOP2A-mAID cells arrested in prometaphase with nocodazole and treated with solvent (B), auxin (C), ICRF-193 (D), or etoposide
(E). Fluorescence intensity is displayed in fire LUT. (Scale bars: 5 pM.) (F and G) Quantification of average chromatin volume (F) and chromatin density (G) over
time before cells exit mitosis. (F and G) Error bars denote SEM. n values denote number of cells analyzed.
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Figs. 3 E-G and 6). Next, we wanted to analyze the role of TOP2A
under conditions where the Anaphase Promoting Complex/
Cyclosome (APC/C) is blocked, arresting cells in metaphase with
spindles acting on the chromosomes. Blocking the APC/C does
not activate the spindle assembly checkpoint (SAC), but it inhibits
cyclin-B1 degradation, which renders cells unable to exit mitosis.
Overexpression of cyclin-B1 has been shown to rescue the ana-
phase decondensation defects in SMC2-knockout cells (52) and
also prevents anaphase chromosomes from decompacting in nor-
mal cells (53). In our experiments, we used the potent APC in-
hibitor combination proTAME-apcin (54) and found that 12.5 uM
proTAME combined with 25 pM apcin was the lowest combina-
tion of drug doses to arrest HCT116 cells efficiently in mitosis
(62% G2/M, 5 h treatment; SI Appendix, Fig. S6A). Mitotic cells
were enriched by blocking with the drug combination and then
performing mitotic shake-off before auxin was added (Fig. 74),
followed by live cell imaging. Five hours of treatment was chosen
since prolonged arrest with proTAME-apcin can cause cohesion
fatigue (54), which we also observed for some cells during our
analysis (S Appendix, Fig. S6B and Movie S8) and decided to
quantify this. We scored cohesion fatigue as the first timepoint
where cells had bipolar chromatin (H2B-EGFP) signals sepa-
rated from the chromatin mass (e.g., SI Appendix, Fig. S6B,
160 min). At t = 0 when cells had been treated for 1 h with auxin,
there was only a marginal difference in the number of cells with
cohesion fatigue compared to controls (SI Appendix, Fig. S6C). At
t = 480 min, however, there was a twofold reduction compared to
controls (SI Appendix, Fig. S6D). This supports the idea that
TOP2A depletion from precondensed chromosomes causes sister
chromatid entanglement, supplying extra cohesion and preventing
them from separating.

The results of the morphological and structural analysis par-
alleled our nocodazole experiments, with cells grown without auxin
maintaining compacted mitotic chromosome structure (Fig. 7B and
Movies S9-S11), while chromosomes lost mitotic structure fol-
lowing auxin treatment (Fig. 7C and Movies S12-S14). Similarly to
the effect seen during a nocodazole block, chromatin density de-
clined over time in auxin-treated cells (Fig. 7D and SI Appendix,
S6E). Nevertheless, following auxin treatment, the volume occu-
pied by H2B-EGFP decreased significantly over time compared to
controls (Fig. 7E and SI Appendix, S6F), the opposite of what we
observed in the nocodazole-arrested cells.

To confirm the somewhat surprising results from live cell
imaging, we performed mitotic chromosome spreads following
the proTAME-apcin protocol (Fig. 7F). Overall, the results
(Fig. 7 G-I) resembled nocodazole-blocked chromosome spreads
(Fig. 3 F and G and SI Appendix, Fig. S3D), with a dramatic loss of
hypercondensed chromosome configuration (Fig. 7H) and with
increased hypo- and particularly amorphous chromosome
configurations. The amorphous chromosome spread phenotypes
(Fig. 7I) resemble the live cell imaging phenotype after auxin
exposure (Fig. 7C), showing that the decreased chromatin volume
observed in live cell imaging is not an artifact. A budding yeast
study showed previously that spindle-attached plasmid DNA
becomes positively supercoiled in vivo following top2 degradation
from an APC/C inhibition block, but not from a nocodazole block
(55). Interestingly, this activity was condensin-dependent. Perhaps
a global spindle-dependent change in DNA topology occurs fol-
lowing TOP2A depletion from proTAME-apcin block, but not
from nocodazole block. Supercoiling state determines the hand-
edness of nucleosome assembly (56). It is therefore possible that a
global reversal in supercoiling might, over time, cause nucleosome
expulsion, thereby reducing overall H2B-EGFP staining. This is
supported by studies showing that the spindle forces are strong
enough to expel nucleosomes from dsDNA (57, 58). Combined
with the fact that, in the proTAME-apcin block, chromosomes are
held in close proximity by the spindles, it might explain the dif-
fering chromatin volume results from the two mitotic blocks. It is
clear from both experiments, though, that TOP2A is essential for
maintenance of mitotic chromosome structure in prometa- and
metaphase.
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TOP2A Depletion Causes Premature Mitotic Exit and Cytokinesis
Failure. Cells depleted of TOP2A from an asynchronous cell cul-
ture (Fig. 84) cannot segregate their chromosomes and often exit
mitosis prematurely without chromosome segregation (Fig. 8B
and SI Appendix, Fig. S7TA and Movies S15-S18). We defined
three morphologically distinct premature mitotic exit phenotypes
(Fig. 8 B and D, 1-3) with different outcomes in interphase. Exit
phenotype 1 led to either binucleation (i) or giant mononucleation
(if), phenotype 2 led to mononucleation (ii), and phenotype 3 led
to mononucleation (i) or multinucleation (i) (Fig. 8 B and D,
summarized in E). To investigate if the phenotypes were due to a
defect in anaphase or prometaphase, and if they were dependent
on proper spindle attachment, we enriched for cells held in
prometaphase using nocodazole and mitotic shake-off (Fig. 8C).
Control cells generally stayed in the prometaphase block (Figs. 6B
and 8 D and F, Movie S19, and SI Appendix, Fig. STB); however,
we observed all three phenotypes of premature mitotic exit fol-
lowing auxin or ICRF-193 treatment (Fig. 8 D and F, Movies S20—
S22, and SI Appendix, Fig. STB). All auxin-treated cells exited the
prometaphase block and mitosis, and did so earlier than controls
(Fig. 8F). Likewise, ICRF-193-treated cells often exited mitosis
prematurely, although later than auxin-treated cells (Fig. 8F).
Indeed, these mitotic exit phenotypes occur despite nocodazole-
induced activation of the SAC. By contrast, cells treated with
etoposide rarely left mitosis prematurely (Fig. 6E and SI Appendix,
Fig. S7B) and generally stayed in prometaphase (Fig. 8E). The
three phenotypes of premature mitotic exit are all characterized
by membrane blebbing and cytokinetic ingressions (SI Appen-
dix, Fig. S7C, 1-3), similar to regular cytokinesis (SI Appendix,
Fig. S7C, normal).

One explanation for the mitotic exit from the nocodazole-
induced arrest following TOP2A depletion could be that Aurora
B function is affected. We tested this hypothesis by measuring
total chromatin fluorescence intensity of the Aurora B substrate
Ser-10 phosphor-H3 (PH3) in TOP2A-mAID cells arrested in
prometaphase. However, there were no significant differences
between TOP2A-depleted and control cells (SI Appendix, Fig.
S8 A and B). In addition, there was no evidence for mis-
localization of either INCENP, a member of the chromosome
passenger complex (SI Appendix, Fig. S8C), or BUBRI1 (found at
sister kinetochores; SI Appendix, Fig. S8D). This suggests that
the SAC was still active in nocodazole-arrested cells lacking
TOP2A, and therefore that the premature mitotic exit pheno-
type following TOP2A depletion does not depend on SAC in-
activation. Although the drastic missegregation and premature
prometaphase exit phenotypes suggest that TOP2A is continu-
ously required by cells during this mitotic stage, we did not observe
premature mitotic exit from a proTAME-apcin block (Fig. 7 B and
(). Even following auxin treatment and loss of defined mitotic
chromosome structure, cells did not adopt interphase chromatin
conformation (Fig. 7C and Movies S12-S14).

In conclusion, premature mitotic exit triggered by TOP2A de-
ficiency is not dependent on spindle forces or the SAC since it
occurs from both asynchronous culture and nocodazole block. It
does not depend on TOP2A itself either because both depletion of
TOP2A by auxin treatment and inhibition of TOP2A by ICRF-193
treatment induces premature mitotic exit. It is, however, depen-
dent on APC/C activity and likely degradation of cyclin B1.

Discussion

Previous studies have argued for an active role of TOP2A in the
establishment of mitotic chromosome structure (14, 15, 21, 22,
25, 27, 28, 59-61). In agreement with that, our data show that
TOP2A is crucial for chromosome condensation after NEB.
Importantly, we define another role for TOP2A in the mainte-
nance of mitotic chromosome structure. Our results differ from
earlier pioneering in vitro studies, using Xenopus egg extracts,
which showed that TOP2A was responsible for establishment,
but not ongoing maintenance, of mitotic chromosomes (28). Our
results also provide clear delineation between TOP2A-targeting
drugs and TOP2A depletion, and show that these drugs cannot
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Fig. 7. TOP2A depletion from metaphase causes loss of mitotic chromosome structure. (A) Experimental conditions for live imaging of cells in proTAME-apcin
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chromosome spreads from cells treated like in F.

be taken as a direct proxy of TOP2A depletion. Our studies with
ICRF-193 differ from a recent study in Drosophila (61), which
showed decompaction of mitotic chromosomes upon addition of
ICRF-193. Comparison is difficult in this instance, as Drosophila
seemingly has a different mechanism of chromosome condensa-
tion, with condensin II present at very low levels and not necessary
for mitotic chromosome structure (62, 63). Furthermore, in our
study, we quantified whole chromatin, used a lower concentration
of ICRF-193, and imaged over a longer period: 25 pM ICRF-193
over 5 h compared to chromatids from Drosophila embryos that
were treated with 280 pM ICRF-193 and followed for 15 min.

Nielsen et al.

TOP2A is the main enzyme needed to resolve DNA bridges in
anaphase and is essential for chromosome segregation. We show
that depletion of TOP2A from cells held in prometaphase in-
creases the number of DNA bridges in anaphase and telophase
and drastically increases the number of cells with severely entan-
gled chromatin (Fig. 2). This suggests either that TOP2A de-
pletion in prometaphase causes reentanglement of DNA or that a
portion of TOP2A-mediated DNA resolution cannot be com-
pleted in prometaphase and instead takes place in anaphase or
telophase. Indeed, previous studies suggest that TOP2A is re-
quired for decatenation of the centromere in anaphase (64).
Likely, the spindle forces are needed to supply directionality for
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the TOP2A enzyme to resolve interchromatid entanglements, as
suggested previously (55, 65). The cell might even benefit from the
extra “cohesion” from interchromatid entanglements to counter-
balance cohesion fatigue (66) and prevent premature sister chro-
matid disjunction. Indeed, even in an unperturbed mitosis, UFBs
connecting centromeres and rDNA persist into anaphase, where
they are rapidly resolved (41, 67). However, some reentanglement
likely occurs to give rise to the severe chromatin entanglement
phenotype. These results demonstrate the key role the enzyme
plays specifically in prometaphase.

Despite showing a strong localization to prophase chromo-
somes (68), we find that neither the timing of prophase nor the
condensation of prophase chromatin are affected by TOP2A de-
pletion (Fig. 5). This is different to that seen in condensin II-
depleted cells (that also show long and thin chromosomes),
which instead show a completely defective prophase (45, 46).
Notably in the absence of TOP2A, condensin II still localized to
mitotic chromosomes (Fig. 4). Our data are consistent with a study
which showed prophase chromosome volume was unaffected by
ICRF-193 treatment (60). The same study found that resolution of
sister chromatid arm intertwining takes place predominantly in
prophase and is dependent on TOP2A. Our results do not argue

12140 | www.pnas.org/cgi/doi/10.1073/pnas.2001760117

against a role for TOP2A in prophase resolution of arm chromatin.
Instead, we show that TOP2A depletion from asynchronous
cultures causes a dramatic prometaphase delay in mitosis and
prevents chromosome condensation after NEB (Fig. 5). This sug-
gests a role in facilitating proper condensin I-mediated condensa-
tion, since condensin I is predominantly absent from chromatin
until NEB (69).

Precondensed mitotic chromatin loses its compact individu-
alized structure following rapid removal of TOP2A by AID from
cells held in prometaphase (Figs. 3 and 6 and SI Appendix, Fig.
S3) or metaphase (Fig. 7). This shows that TOP2A is crucial for
mitotic chromosome maintenance. Nevertheless, neither ICRF-
193 nor etoposide treatment causes a similar effect (Fig. 6). Both
drugs immobilize the enzyme on DNA and prevent catalytic
strand passage activity by TOP2A. Therefore, TOP2A’s role in
maintenance is likely linked to the enzyme’s ability to entrap two
DNA strands and hold them in place. It appears that TOP2A is,
in fact, a structural chromosome maintenance enzyme.

The interplay between TOP2A and condensin I appears to be
crucial for the shaping of prometaphase chromosomes, a conten-
tion supported by several studies (55, 61, 65, 70). Condensin is
able to positively supercoil DNA (55, 71), and condensin-induced
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positive supercoiling can efficiently stimulate TOP2A decatenation
of catenated minichromosomes (55, 70). Therefore, the TOP2A
reactions in maintenance of prometaphase chromatin are likely
guided by condensin-mediated changes in topological state sup-
plying directionality to TOP2A catenation or decatenation activ-
ity. Conversely, the loss of mitotic chromosome structure following
rapid TOP2A depletion might be caused by the uncoupling of
TOP2A from condensin I activity. This proposal implies that mi-
totic chromosome condensation must be a continuous process,
which does not reach an endpoint. DNA in already formed mitotic
chromosomes appears to be heavily self-entangled, which in itself
might be needed to stabilize the mitotic chromosome (72). Indeed,
a hypothesis has been put forward based on studies from the
Oliveira lab (61) and the Aragon lab (73) that TOP2A can reen-
tangle mitotic chromatin, and that this potentially problematic ac-
tivity is counteracted by the continuous activity of condensin 1.

Our data point to a role of TOP2A in maintaining mitotic
chromosome structure, but how might the enzyme achieve this?
Such a proposal is somewhat paradoxical given the known activity
of TOP2A. Since TOP2A has the ability to entrap DNA, it is
possible that a pool of TOP2A might remain in a locked confor-
mation to seal condensation states at the end of prometaphase.
Alternatively, locking of condensation states might be dynamic
and achieved by balancing the DNA-metabolizing activities of
TOP2A and condensin I. Our data support a hypothesis where
TOP2A plays a dual role in first resolving entanglements and re-
lieving torsional stress during establishment of compact mitotic
chromosomes and then locking in condensation states once
sufficient compaction is achieved (Fig. 9).

In summary, we show that TOP2A is required for maintenance
of mitotic chromosomes. The advent of new sophisticated single-
molecule microscopy and genome-wide techniques will enable
the molecular mechanism behind this activity to be illuminated.

Methods
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